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Abstract Ferulic acid (FA), tetradeuteroferulic acid 
(DFA), sinapic acid (SA), or heptadeulerosinapic acid 
(DSA) was exogenously supplied to poplar (Populus alba 
L.) callus. Administration of FA or SA increased the lignin 
content of the callus to about twice that of the control 
callus. Gas chromatographic analysis of the alkali hydroly¬ 
sate of the cell wall residue revealed that only a trace 
amount of SA was bound to the cell wall, and the amount 
of FA was less than 2% of the total callus lignin. 
Thioacidolysis of the DFA-treated callus indicated that 
DFA is effectively converted to both coniferyl and sinapyl 
alcohols and then incorporated into the corresponding 
lignin. Incorporation of DSA into syringyl lignin or 
guaiacyl lignin was not observed, but yields of syringyl lig¬ 
nin thioacidolysis products were markedly increased by 
DSA treatment of the callus. These results suggest that SA 
may not be a precursor of sinapyl alcohol and syringyl lignin 
per se, but it may induce or enhance the biosynthesis of 
syringyl lignin in poplar callus. 
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Introduction 

Plant phenylpropanoids and their related metabolites, such 
as lignin, lignans, flavonoids, and suberins, are derived from 
cinnamic acid analogues via a common general pathway. 1-3 
Lignin, the most abundant of a large number of plant 
phenylpropanoids, is largely deposited in secondary xylem 
cell walls. Angiosperm lignin is composed of monomeric 
guaiacyl and syringyl units, whereas gymnosperm lignin 
consists almost solely of guaiacyl units. 3,4 Many of the 
enzymes required for lignin biosynthesis have been charac¬ 
terized, but the mechanism of biosynthesis of syringyl 
lignin remains to be fully elucidated. 2,5 

One of the controversial aspects is whether the syringyl 
lignin monomer, sinapyl alcohol, is synthesized from sinapic 
acid (SA) through the action of 4-coumarate: coenzyme A 
(CoA) ligase (4CL, EC 6.2.1.12) followed by reduction by 
cinnamoyl-CoA reductase and cinnamyl alcohol dehydro¬ 
genase. 2,6 4CL catalyzes the conversion of cinnamic acid 
derivatives to their corresponding thioesters, which are cen¬ 
tral intermediates in pathways leading to a number of plant 
phenolics. 78 Therefore, it has been proposed that distinct 
4CL isoenzymes acting on various substrates may play an 
important role in directing the metabolic flux to specific 
biosynthetic pathways of phenylpropanoids in plants. 9-12 
4CL isoenzymes and recombinant 4CL proteins have also 
been studied in the context of directing carbon flux into 
syringyl and guaiacyl lignin biosynthesis. 

Results of recent investigations have shown that 4CL 
activity with SA as the substrate is extremely low or 
nondetectable. 9,11,13-17 These observations have led to the 
hypothesis that the route of biosynthesis of sinapyl alcohol 
may be not via 4CL action from SA. In addition to these 
observations, it has been reported recently that conversion 
of the guaiacyl nucleus to the syringyl nucleus through hy- 
droxylation followed by methylation at the 5 position of the 
guaiacyl nucleus is catalyzed by 5-hydroxylase at the stage 
of cinnamyl aldehyde or alcohol. 18-21 These findings strongly 
suggest that an alternative 4CL-independent pathway for 
sinapyl alcohol biosynthesis may exist and call into question 
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whether SA is a true intermediate in the biosynthesis of 
sinapyl alcohol and syringyl lignin. 

Plant cell cultures have often been used as models for 
investigating physiological changes associated with metabo¬ 
lism 22 and the pathways involved in the biosynthesis of 
phenylpropanoids including lignin (for review see Dixon 
and Paiva 7 and Elland-Ivey and Douglar, 23 and the refer¬ 
ences therein) because the callus cultures are sensitive to 
many types of stress [e.g., ultraviolet (UV) irradiation, elici¬ 
tation, wounding, and water stress], and the responses to 
these stimuli are synchronously inducible. Furthermore, the 
metabolites, enzyme activities, and mRNA transcripts pro¬ 
duced during these responses are easily detected and quan¬ 
tified because of the extremely low background levels in 
untreated cell cultures. It is known that calli grown under 
optimum growth conditions neither accumulate as much 
lignin as that found in parent plants nor produce as much of 
the phenylpropanoids; and the syringyl lignin content in an 
angiosperm callus is much lower than that in the corre¬ 
sponding woody plant. 24 26 These observations suggest that 
expression of the enzyme activity specifically involved in 
syringyl monolignol biosynthesis, including 5-hydroxylase, 
might be suppressed in the callus. Therefore, incorporation 
of the labeled syringyl precursor exogenously provided in 
the callus lignin could be easily detected. To address the 
question of whether SA is a precursor of sinapyl alcohol and 
syringyl lignin, we investigated the incorporation of deuter- 
ated and nondeuterated SA and ferulic acid (FA) into lignin 
in poplar (Populus alba L.) callus culture. These results 
indicate that SA was not a precursor of syringyl lignin, but 
it may induce or enhance syringyl lignin biosynthesis in 
poplar callus. 


Materials and methods 

Plant materials and chemicals 

The poplar (Populus alba L.) callus used in this study 
was induced to develop on Murashige and Skoog basal 
medium supplemented with 3% sucrose, 1.0 ppm 2,4- 
dichlorophenoxyacetic acid (2,4-D), 0.5 ppm kinctin, and 
0.8% agar. The callus was maintained on the same medium 
at 25°C in the dark. 23 All chemicals, extra pure grade, were 
purchased and used without further purification except for 
FA and SA. Both FA and SA were used after purification 
by recrystallization using a hot methanol-water mixture. 
Tetradeuteroferulic acid (DFA) (/3-D, ring 3-OCD 3 ) and 
heptadeuterosinapic acid (DSA) (/3-D, ring 3,5-diOCD 3 ) 
were synthesized by a method reported elsewhere. 27 

Administration of labeled and unlabeled cinnamic acid 
derivatives to poplar callus 

Unlabeled FA and SA were individually dissolved in 1,4- 
dioxane/water (9:1, v/v), and an aliquot (5ml) of the FA or 
SA solution was added to the medium to obtain a final 
concentration of 0.10, 0.25, or 0.50 g/1. In the experiments 


examining the lignin content, 3- and 5-week culture periods 
were employed. In those involving administration of la¬ 
beled DFA or DSA to the callus, the final concentration of 
DFA or DSA in the medium was 0.5 g/1, and a 3-week 
culture period was employed. In all cases, a specimen ex¬ 
cised from a 4-week-old callus after subculture was trans¬ 
ferred to the test medium and cultured under the conditions 
described above. 

Quantification of lignin and cell wall-bound cinnamic 
acid derivatives 

After the scheduled cultivation period, the callus was har¬ 
vested and subjected to extraction with a 10-fold volume of 
methanol (w/w) for 24 h. The resulting cell wall residue was 
further analyzed. The lignin content of the callus cell wall 
was determined by the standard acetyl bromide method. 28 
The calibration coefficient was determined from the absor¬ 
bance at 280 nm versus the lignin content using extractives- 
free beech (Fagus crenata ) wood meal. 

The callus cell wall preparation was subjected to alkaline 
hydrolysis, and the hydrolysate was analyzed by gas chro¬ 
matography (GC) to determine the amount of cinnamic 
acid derivatives bound to the cell wall via ester and ether 
linkages. The callus cell wall residue (ca. 100 mg) was 
treated with 10ml of 4N NaOH at 170°C for 2h. 29 
Acetoguaiacone-ethanol solution 1ml (1 mg/ml) was added 
to the reaction mixture as an internal standard; then 
insoluble material was removed by filtration. The filtrate 
was acidified by adding HC1, saturated with NaCl, and 
then extracted three times with diethyl ether. The organic 
layer was recovered and dried over anhydrous Na 2 S0 4 
and evaporated to dryness in vacuo. The residue was dis¬ 
solved in pyridine, then silylated by treatment with 
N, O- bis(trimethylsilyl)trifluoroacetamide. The silylated 
sample was analyzed using a GC-14A gas chromatograph 
(Shimadzu, Japan) equipped with FID and a capillary col¬ 
umn (TC-1, 0.25mm i.d. X 30m; GL Sciences). Helium was 
used as the carrier gas. The column temperature was raised 
from 200° to 250°C at a rate of 5°C/min, and the injection 
port temperature was 250°C. 

Thioacidolysis of callus cell wall material 

Thioacidolysis of callus cell wall material was performed as 
described by Matsui et al. 30 Approximately 10 mg of cell 
wall material was treated with 5 ml of dioxiane/ethanethiol 
(9:1, v/v) containing 0.2N BF 3 etherate at 100°C for 4h. 
After cooling, an aliquot (0.5 ml) of docosane dissolved in 
dichloromethane (29.5/ig/ml) was added as an internal 
standard. The reaction mixture was neutralized with 0.4N 
NaHC0 3 to stop the reaction and adjusted to pH 3 
by adding HC1. The mixture was extracted with 
dichloromethane. The organic layer was dried over Na 2 S0 4 , 
and concentrated in vacuo. The silylated sample was sub¬ 
jected to analysis using a GC-14A gas chromatograph and 
a GC-mass spectrometer (GC-MS) with a TC-1 capillary 
column (GL Sciences). During both analyses, the column 
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temperature was programmed to increase from 180° to 
280°C at 2°C/min. In the GC-MS analysis, mass spectra 
were recorded at 70 eV with a QP 5050 (Shimadzu) 
equipped with a GC-17A (Shimadzu). Selective ion moni¬ 
toring was also performed during GC-MS analysis of the 
products. 


Results 

Lignin accumulation and cell wall-bound cinnamic 
acid derivatives in calli treated with ferulic or 
sinapic acid 

The poplar calli were grown on culture medium supple¬ 
mented with FA or SA at various concentrations. The calli 
were more brownish than the control callus, and the color 
become darker as the FA or SA concentration was in¬ 
creased. The appearance of the callus on the control me¬ 
dium containing dioxane was the same as that of the callus 
cultured in the absence of dioxane (data not shown). 

Calli were extensively extracted with methanol to re¬ 
move free substrate and then analyzed for polyphenolics by 
the acetyl bromide method. The resulting phenolic polymer 
content was taken as the lignin content of the callus (Table 
1). The callus lignin content increased as the concentration 
of FA or SA increased in the medium (Table 1). After 3 
weeks of incubation with FA or SA (0.5 g/1), the callus lignin 
contents reached 11.1% and 12.4% of the dry cell wall 
weight, respectively; similar results were obtained after 5 
weeks of incubation. 

Cinnamic acid derivatives are often detected in the 
cell walls of Gramineae , and these free acids are bound to 
either cell wall carbohydrates or lignin via ester and ether 
linkages. 31-33 During suppression of 4CL activity in trans¬ 
genic tobacco 34 ' 35 and Arabidopsis , 16 accumulation of hydro- 
xycinnamic acid derivatives at extraordinarily high 
concentrations in the cell walls has been observed. In our 
experiments, exogenously supplied FA and SA could have 
accumulated as cell wall-bound cinnamic acid derivatives. 
To investigate this possibility, the callus cell wall material 
was treated with conditions (4N NaOH at 170°C for 2h) 
that release ester- or ether-linked cinnamic acid derivatives 


from the cell wall. 29 GC analysis of the samples after alka¬ 
line hydrolysis showed that the amounts of FA and SA 
bound to the cell walls in the SA-treated callus were as low 
as that in the control callus. FA liberated from the cell walls 
of the FA-treated callus increased compared to that in the 
control, but the amount was estimated to be only 1.6% 
based on the lignin content (Table 2). The amount of SA 
released was not significantly increased in FA-treated cal¬ 
lus. The observation that treated calli have increased lignin 
content and low amounts of cell wall-bound cinnamic acid 
derivatives suggests that exogenously supplied cinnamic 
acid derivatives are converted to callus lignin in vivo. 
Confirmation of this interpretation was obtained from la¬ 
beling studies, as described below. 

Administration of DFA and DSA to poplar calli 

We employed thioacidolysis in the analysis of lignin in the 
calli treated with cinnamic acid derivatives. The /3-aryl ether 
linkage is the most abundant linkage among several formed 
by radical coupling of monolignols; it is estimated that 
roughly half of the total linkages in lignin are of this type. 36 
Thioacidolysis involves two reactions: cleavage of the 


Table 1. Lignin content of poplar calli 


Culture period 

Lignin (% by weight) 3 

3 weeks 

5 weeks 

Control 

5.7 ± 0.1 

6.3 ± 0.3 

FA administered (g/1) 

0.10 

7.6 ± 0.4 

8.0 ± 0.1 

0.25 

9.4 ± 0.3 

8.6 ± 0.5 

0.50 

11.1 ± 0.6 

8.8 ± 0.6 

SA administered (g/1) 

0.10 

8.3 ± 0.2 

8.6 ± 0.1 

0.25 

10.8 ± 0.2 

10.5 ± 0.4 

0.50 

12.4 ± 0.5 

11.7 ± 0.4 


The calli were grown on medium containing various concentrations of 
ferulic acid (FA) or sinapic acid (SA) 

“Lignin content is expressed as a percentage of the total dry weight of 
cell wall material. The initial callus lignin content was 4.2% ± 0.3%. 
Data shown are means of duplicate analyses 


Table 2. Yields of cell wall-bound cinnamic acid derivatives obtained from the callus through 
alkali treatment 


Sample 

Ferulic acid 


Sinapic acid 



/(mol/g“ 

Percent of 
total lignin b 

/imol/g“ 

Percent of 
total lignin b 

Control 

FA-treated callus 
SA-treated callus 

0.68 ± 0.62 

8.14 ± 0.67 

1.04 ± 0.87 

0.24 ± 0.22 

1.61 ± 0.13 

0.20 ± 0.17 

0.75 ± 0.05 

0.84 ± 0.37 

1.19 ± 0.12 

0.31 ± 0.02 
0.19 ± 0.08 
0.26 ± 0.03 


The calli were grown on medium containing ferulic acid or sinapic acid (0.5 g/1) for 3 weeks and 
extracted with methanol before alkaline treatment. In all cases the values shown are the mean ± 
SD for three samples 

“The yield of FA or SA is expressed as micromoles per gram of methanol-extracted dry cell wall 
material 

b The yield of FA or SA was calculated as a percentage of the total lignin in each callus 
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Fig. 1. Mass spectra of thioacidolysis products from poplar callus 
treated with deuterolabeled tetradeuteroferulic acid (DFA) or 
heptadeuterosinapic acid (DSA). Calli were grown on medium with or 
without (control) DFA or DSA (0.5 g/1) for 3 weeks and then extracted 
with methanol before gas chromatography-mass spectrometry 
(GC-MS) analysis. A Thioacidolysis products from poplar xylern. 
B Thioacidolysis products from a callus treated with DFA. 
C Thioacidolysis products from a callus treated with DSA. G-T , 
l-guaiacyl-l,2,3-trithioethylpropane; S-T, l-syringyl-1,2,3- 
trithioethylpropane; TIC, total ion chromatography 


/3-aryl ether (/3-0-4) linkage and formation of thioether 
derivatives of the degradation products. 37 The monomers 
l-guaiacyl-l,2,3-trithioethylpropane (G-T) and 1-syringyl- 
1,2,3-trithioethylpropane (S-T) are the principal degrada¬ 
tion products generated by thioacidolysis from guaiacyl and 
syringyl subunits, respectively, in lignin. 37 

The thioacidolysis products from the calli treated with 
DFA or DSA were subjected to GC-MS analysis, and mass 
spectra of G-T and S-T from each callus were compared to 
those from poplar xylem (Fig. 1). In the case of poplar 
xylem, the base ion peaks, m/z 269 in G-T and m/z 299 
in S-T (Fig. 1A), were attributable to the fragments as 
benzylthioethyl ions derived from G-T and S-T, respec¬ 
tively, by Ca-C/3 cleavage. 37 Thus, we tried to confirm the 
conversion of SA and FA by stable isotope labeling. The 
hydrogen atoms of the methoxyl group on the aromatic 
nucleus were almost fully substituted with deuterium. In the 
case of DFA administration, assuming that the DFA is in¬ 
corporated into the callus lignin, the base ion peaks for G- 


T or S-T should be 3 mass units larger ( m/z 272 and 302) 
than those for unlabeled G-T ( m/z 269) or S-T ( m/z 299). 
Similarly, if administered DSA was directly reduced to 
sinapyl alcohol and incorporated into syringyl lignin in the 
callus, the base-ion peak for the labeled S-T should appear 
at a position corresponding to 6 mass units larger ( m/z 305) 
than that for unlabeled S-T. The labeling of two methoxyl 
groups in SA would help to identify the route by which 
administered DSA was converted to sinapyl alcohol. If the 
labeled DSA was converted to 5-hydroxyferulic acid and 
reconverted to a syringyl type of precursor, the base-ion 
peak for S-T from callus lignin should be 3 mass units larger 
(m/z 302) than that for unlabeled S-T. Alternatively, if the 
administered DSA was converted to FA and was incorpo¬ 
rated into both guaiacyl and syringyl lignin, the base-ions 
for G-T and S-T from callus lignin should be 3 mass units 
larger ( m/z 272 and 302) than those for unlabeled G-T and 
S-T, respectively. 

The mass spectrum of G-T from DFA-treated callus has 
an obvious base ion at m/z 272 (Fig. IB) that is attributable 
to a fragment from trideuterated G-T. Similarly, a base 
peak at m/z 302 was observed for S-T from DFA-treated 
callus (Fig. IB). These results indicate that exogenous 
DFA was effectively converted to coniferyl and sinapyl 
alcohols, which were then incorporated into the callus lig¬ 
nin. In contrast, in the mass spectrum of S-T from DSA- 
treated callus, the base ion peak appeared at m/z 299 but no 
peak was observed at m/z 305 or m/z 302 (Fig. 1C). The 
mass spectrum of G-T yielded no detectable evidence of 
DSA incorporation into callus lignin (Fig. 1C). Thus, the 
mass spectra of S-T and G-T from DSA-treated callus indi¬ 
cate that exogenous SA was not converted to sinapyl alco¬ 
hol. This finding appears to conflict with the results in Table 
1, which indicate an increase in callus lignin as a result of SA 
administration. 

To address this discrepancy, we compared the relative 
yields of G-T and S-T by the selective ion monitoring 
method (Fig. 2). In the case of DFA-treated callus, yields of 
G-T and S-T monitored at m/z 269 and 272 and at m/z 299 
and 302, respectively, increased substantially compared to 
those for the control callus (Fig. 2A,B). A markedly higher 
yield of S-T, but not G-T, was observed for DSA-treated 
callus compared to the control callus (Fig. 2A,C). There¬ 
fore, we concluded that SA induces or enhances syringyl, 
but not guaiacyl, lignin biosynthesis in poplar callus. In 
contrast, exogenous DFA is converted to syringyl and 
guaiacyl lignins after enzymatic reduction to the corre¬ 
sponding monolignols in vivo. 


Monomeric composition of lignin in calli treated with 
ferulic or sinapic acid 

The yields of G-T and S-T were compared (Table 3) to 
determine the monomeric composition of the lignin in calli 
treated with cinnamic acid derivatives. G-T and S-T yields 
from the control callus were quite low compared to those 
from wood. The G-T and S-T yields from the callus treated 
with FA increased to 7.3 and 10.2/nnol/g, respectively, cor- 
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Fig. 2. GC-MS analysis of poplar callus thioacidolysis products from 
control (A), DFA-treated (B), and DSA-treated (C) calli. Calli were 
grown on medium with or without (control) DFA or DSA (0.5 g/1) for 
3 weeks and then extracted with methanol before GC-MS analysis. For 
control and DSA-treated calli, selective ion monitoring at m/z 269 and 
299 was employed for detection of G-T and S-T, respectively. For the 
DFA-treated callus, selective ion monitoring at m/z 269 and 272 was 
employed for detection of G-T and at m/z 299 and 302 for detection of 
S-T. In all cases, the internal standard was monitored at m/z 71. IS, 
internal standard (docosane) 


Table 3. Yields of thioacidolysis products from poplar calli 


Sample 

G-T (/imol/g) 

S-T («mol/g) 

S/G“ 

Control 

0.46 ± 0.27 

0.97 ± 0.54 

2.1 

FA-treated callus 

7.31 ± 0.06 

10.24 ± 2.11 

1.4 

SA-treated callus 

1.91 ± 0.54 

8.53 ± 2.86 

4.5 


Samples were the same as those shown in Table 2 
Data are means ± SD of duplicate analyses 

The yield is expressed as micromoles per gram of methanol-extracted 
dry cell wall material 

G-T. l-guaiacyl-l,2,3-trithioethylpropane; S-T, l-syringyl-1,2,3- 

trithioethylpropane 

“Ratio calculated as S-T/G-T 


responding to about 16-fold and 11-fold the yield from each 
control callus. A markedly high yield of S-T (8.53/tmol/g) 
from the callus treated with SA, which is ninefold that of the 
control, was also observed. This observation is consistent 
with the finding that the yields of G-T and S-T from DFA- 


treated callus increased, as did the yield of S-T from DSA- 
treated callus (Fig. 2). These quantitative results support 
our interpretation of the results of the experiments using 
deutero-labeled cinnamic acid derivatives, indicating that 
addition of SA resulted in an increase in only the syringyl 
subunits in the callus. 


Discussion 

Because CoA esters of hydroxycinnamic acid derivatives 
have been shown to be converted to the corresponding 
cinnamyl aldehydes and further to cinnamyl alcohols, 
cinnamoyl-CoA esters are thought to be intermediates 
produced during biosynthesis of cinnamyl alcohols. 2,5 ' 6,38 In 
tracer experiments using deutero-labeled SA combined 
with GC-MS analysis of callus cell wall material, it was not 
converted to syringyl lignin in poplar callus. We did not 
detect conversion of labeled SA to guaiacyl lignin in the 
callus; therefore, in vivo conversion of SA to sinapyl alcohol 
or of SA to FA may not occur in poplar callus. Recent 
studies 19,39 have indicated that recombinant guaiacyl-5- 
hydroxylases have low affinity for FA compared to coniferyl 
aldehyde and coniferyl alcohol; hence, a different syringyl 
lignin biosynthetic pathway has been proposed that does 
not require SA as a precursor of sinapyl alcohol and 
syringyl lignin. Our results provide strong support for the 
view that this proposed pathway exists in poplar callus. 

Lignin is essential for all plants growing on land, so the 
lignin biosynthetic pathway might have high plasticity and 
might be connected by many metabolic grids. In fact, some 
routes for conversion of the guaiacyl nucleus to the syringyl 
nucleus at different stages, involving cinnamyl aldehydes or 
alcohols, have been proposed. 18 " 21,40 Regardless of the stage 
at which this conversion occurs, the essential enzymes are 
guaiacyl-5-hydroxylase and O-methyltransferase. GC-MS 
analysis of the cell wall material of poplar callus treated 
with DFA demonstrated that conversion of guaiacyl sub¬ 
units to syringyl subunits readily occurs in poplar callus. 
This suggests that guaiacyl-5-hydroxylase and enzymes act¬ 
ing subsequently in the pathway for biosynthesis of sinapyl 
alcohol may be functioning sufficiently in the FA-treated 
callus. We also demonstrated that exogenously supplied 
SA is not used as a precursor of sinapyl alcohol per se but 
that it induces or enhances only syringyl lignin biosynthesis 
in the callus. In the present study, we easily detected the 
in vivo conversion of supplied FA or SA into callus lignin 
because of the low lignin content, particularly the low 
syringyl lignin content, of the callus. Callus culture is a good 
model system for our ongoing studies on lignin biosynthesis 
where changes in enzymes related to lignin biosynthesis 
as a result of adding cinnamic acid derivatives are being 
investigated, especially focusing on the induction of sinapyl 
alcohol biosynthesis. 
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